Strain plays an important role in semiconductor performance and stability. Hybrid organic metalhalide perovskites are made in thin films and inhomogeneous residual strain may develop in the material due to thermal expansion mismatch with the substrate, polycrystallinity in the thin films or even by light soaking. These strains can affect carrier mobility, non-radiative recombination, degradation, and other optoelectronic properties. Measuring spatially varying strains is difficult but of prime importance for understanding these effects. Vibrational frequencies shift due to strain in a material, and we want to enable use of this phenomenon to map local strain within a perovskite material via Raman spectroscopy, as is done in crystalline silicon. In this work, we have used density functional theory and density functional perturbation theory to investigate the effect of applied strain on the vibrations of pseudo-cubic methylammonium lead iodide (CH3NH3PbI3) via Raman spectroscopy. Small uniaxial strains are applied along the three cubic crystallographic directions [100], [010] and [001] to determine the frequency changes. Frequency vs strain graphs can be used as a calibration curve to probe local strain in Raman microscopy. We identify the modes most favorable for this application. We analyze the different behaviors vs. strain observed and the relation to mode characters, and structural changes under strain. We also calculate the mode Grüneisen parameters in each direction, giving information about anharmonicity within the crystal. The negative Grüneisen parameter in the c-direction implies an anisotropic negative thermal expansion in that crystal axis, as recently reported for other crystal phases.
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I. INTRODUCTION
Organic-inorganic hybrid perovskites are promising materials for next generation solar cell applications.
1 They have direct bandgap 2,3 , high absorption coefficient 4 , long diffusion length 5, 6 , and large carrier mobility 7 which make them favorable for PV applications. In last 10 years the record photoconversion efficiency (PCE) has increased drastically from 3.8 % 8 to 23.7 % 9 . Owing to other benefits like ease of bandgap engineering 10, 11 , flexibility for use in portable electronic devices 12 , tunability of transparency to light for tandem cells 13 , and suitability for mass production 14 with a cheaper cost, perovskites have been the object of great interest in the solar cell industry recently. There are also other non-PV applications of perovskite, e.g. spin-optoelectronic applications 15 , luminescent solar concentrators 16 , and light-emitting diodes 17 . Beside these favorable properties, perovskites suffer from serious thermal or chemical instabilities 18, 19 which are great hindrance to its commercial application as a solar cell. Degradation is caused by moisture 19 , heat 18 and light 20 . Different encapsulation techniques can help to get rid of moisture issue 21, 22 but degradation due to heat and light is still a challenge that needs to be addressed. Different studies have been reported which suggest that strain plays an important role in intrinsic stability and performance of the perovskites [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Increase in lattice strain decreases the activation energy of ion migration within the material which accelerates its degradation 25 . Residual strain within the lattice can impact the carrier dynamics and hence PCE of the device 31 . Light soaking can create small polaronic states which in presence of lattice strain and molecular orientation can create deep-level trap states and cause slow photocurrent degradation 24 . Light-induced lattice expansion can help to reduce the residual strain within the lattice and help to increase efficiency 29 . One of the best studied hybrid perovskites is methyl ammonium lead iodide (MAPI, CH 3 NH 3 PbI 3 ) 33, 34 . Depending on temperature, it exists in three different phases: cubic (generally reported as pseudo-cubic 35 ), orthorhombic and tetragonal 36 . At room temperature (∼ 300 K) the crystal structure is tetragonal, and at high temperature (∼ 330 K and above) the structure turns into cubic. Theoretical and experimental work has studied the bandgap, bandstructure, and effective mass 2,8,37,38 and the result suggests local symmetry breaking in the structure 39, 40 . Vibrational properties of all three phases have been extensively studied [41] [42] [43] [44] [45] [46] [47] [48] . The IR and Raman spectra of all three phases shows three distinct regimes of the vibrational frequencies, due to the Pb-I cage at low frequency, the methylammonium ion at high frequency, and coupled cage-ion modes in between 47 . There are only a few experimental results on vibrational spectroscopy available for the cubic structure 41, 42, 44 . Qiong Chen et al. has reported that it is extremely difficult to find Raman spectra for the pristine MAPI as it is very prone to degradation under the laser illumination, and that previously reported results in the low-energy regime may actually represent degradation products 49 . We have chosen for simplicity to study the high-temperature cubic phase due to its simpler structure. The cubic phase is not only significant at high temperatures, but also it can be stabilized at lower temperature in quantum dots via ligands on the surface (for the closely related MAPbBr 3 ) 50 or use of other organic cations 51 . Due to the strong resemblance between the cubic, tetragonal, and orthorhombic phases' vibrational properties, we believe this work also gives insight into those phases.
The detailed behavior of vibrational modes under applied tensile and compressive strain for these materials has not been studied, although the macroscopic Grüneisen parameter γ, and the related thermal expansion, have been studied. For the tetragonal structure, a negative thermal expansion coefficient was found along the c-axis 52, 53 . For the cubic structure, the Grüneisen parameter was reported in previous study 46, 52 but only in the [100] direction. γ is a probe of anharmonicity, which is quite strong in perovskites 39 , and hence relates to phonon-phonon scattering and thermal transport.
Most of the experiments done so far on perovskites has used grazing incidence X-ray diffraction (GIXRD) or normal XRD to measure the strain 25, 29, 31, 54 , or the substrate curvature method 54 . Another standard technique used to characterize perovskites and other semiconductor thin films is Raman spectroscopy, 55 which can also be used to measure the stress distribution within a material in the form of Raman microscopy. It is a well established technique for crystalline Si (c-Si) in the semiconductor industry 56 , and can even be used in hydrogenated amorphous silicon, a disordered material with very broad peaks, as we showed in a previous theory-experiment collaboration 57 . By analyzing vibrations under compressive and tensile strain for cubic CH 3 NH 3 PbI 3 , we have determined the calibration data needed to gauge local strain.
The paper is organized as follows. In section II we detail our methods and benchmark our structural relaxation, elastic properties, and zero strain phonon calculation, including on the simpler case of c-Si. In section III, we analyze phonon changes and structural changes, and identify the best modes for micro-Raman measurement of local strain. We also compare the Grüneisen parameter to other theory and experimental data. In section IV, we conclude.
II. METHOD
We have studied the phonon modes at q=Γ point for cubic structure of methyl ammonium lead iodide. Structural optimization and phonon mode calculations are done using density functional theory (DFT) and density functional perturbation theory (DFPT) 58 as implemented in Quantum ESPRESSO (version 6.1) 59, 60 . The initial structure is taken from the work of Brivio et al. 46, 61 , with the cation oriented close to the [100] direction, which was found to be slightly favored in MD. The Brillouin zone is sampled using a half-shifted 6×6×6 Monkhorst-Pack grid with an energy cutoff of 100 Ry for the wave-functions. Atomic positions are optimized until the total force per atom is smaller than 1 meV/Å; for the initial variable-cell relaxation, a 0.5 kbar stress convergence threshold is used. The Local Density Approximation 62 (LDA) with Perdew-Wang (PW) correlation functional is used for the exchange-correlation potential in the structural optimization. Optimized Norm-Conserving Vanderbilt (ONCV) pseudopotentials 63 are used which treat Pb 5d orbitals as valence. We have not considered spin-orbit coupling as it does not have much effect on interatomic interactions at equilibrium 64 . The equilibrium structural parameters are reported in Table I . More detailed information, including results with different functionals, are reported in Table S1 , along with bandgaps in Table S2 and the LDA bandstructure in Fig. S1 65 . It can be difficult to obtain an optimized exact cubic structure of MAPI without distortion to other phases 2 . Our structural optimization makes the structure pseudo-cubic, in agreement with other calculations. Optimized crystallographic angles α, β and γ are 90
• , 90
• and 88.8
• respectively. Pb-I-Pb angles are 164.46
• , 164.65
• and 173.92
• along a, b and c axes, respectively. The C-N bond-length is found to be 1.47Å with average C-H and N-H bond lengths of 1.1Å and 1.05Å. Due to the pseudocubic lattice, off-centering of the Pb atom, cation orientation, and the octahedral tilting of the Pb-I cage, the structure has no symmetry, 35 even when we checked the structure without the CH 3 NH + 3 ion or with the H atoms removed. Our final cation orientation has the C-N bond lying in the xz plane, at an angle of 23.3
• to the x-axis ([100] direction). Before applying strain to the structure, convergence of the phonon frequencies, with respect to k-grid and selfconsistency threshold of the phonon calculation are checked and all the strain calculations are done using selfconsistency threshold 10 −16 . Small changes in mode frequencies are noted for different functionals (PBE 67 , PBESol
68
and LDA 62 ). For low-frequency phonons, the pattern is (LDA>PBESol>PBE) whereas for mid (800 -1600 cm −1 ) and high (2900 -3200 cm −1 ) frequencies it is (LDA<PBESol<PBE) with most deviation at high frequencies, as shown in Fig.1 . We see relatively small differences except at the highest frequencies.
For comparison, we performed similar calculations for c-Si (Fig.2 ) and the result follows the low frequency pattern (LDA>PBESol>PBE) as we have found in cubic MAPI. We apply uniaxial strain in the [100] direction and plot frequency changes, as the three degenerate optical phonons are split into a doublet and singlet. Results are shown in Table II and Fig. 2 . LDA in fact has the best agreement with experiment for both frequency and slope, in this case; PBEsol is similar, but PBE is more different. Moving now to the effect of strain on cubic MAPI, we applied up to 1% uniaxial compressive (negative, in our convention) and tensile (positive) strain to the optimized zero-strain structure where ǫ represents strain and a, b and c are lattice vectors. For uniaxial strain along [100] the strain operation on the lattice vectors is calculated as below:
Similar calculations are repeated along other two crystallographic directions [010] and [001] . Note that these directions are referred to the perfect cubic structure, and therefore are the same as the Cartesian x, y, and z. We considered results up to ±0.4% of strain where the change in frequency with the applied strain falls in the linear regime for most of the modes. To make sure that this strain range is appropriate, we have also computed the elastic constants by applying isotropic, tetragonal, and trigonal strain to the cubic MAPI lattice and thereby calculating elastic constants C 11 , C 12 and C 44 following the procedure in Ref. 71 . Within the range of ±0.4%, our result with LDA shows good agreement with previously published results (Table III) . Having confirmed reasonable results for LDA on phonon frequencies and elastic constants, we are using LDA for all our strain and phonon calculations as Quantum ESPRESSO can only provide Raman intensities for LDA. Acoustic Sum Rule (ASR) with the code's ASR=crystal setting is used to make the acoustic modes exactly zero 74 . For each mode, we have calculated the mode Grüneisen parameter using the slope of the frequency versus strain graph with the formula γ i = − Raman intensities are calculated using the approach of Lazzeri et al. 76 and IR intensities computed from Born effective charge tensors which are calculated as variation of macroscopic polarization with the atomic displacement using the modern theory of polarization 77 .
where Ω is the volume of the unit cell, i represents a particular atom, α, β indicates Cartesian coordinates, P is the macroscopic polarization and d i is the atomic displacement. The effective charge vector for Z * αν for a vibrational mode ν can be expressed as Z * αν = iβ Z * iαβ
Mo
Mi ξ νiβ , where M i is the nuclear mass, M o is the average mass over the unit cell, ξ νiβ are the eigen modes with frequency ω ν . ion and PbI 6 octahedra vibrations become important. Since pseudo-cubic MAPbI 3 does not have any symmetry, it is not possible to assign spectral activity to any particular mode using group theory. All the modes shows both IR and Raman activity to some degree, but the intensity differs and some are more IR active while some are more Raman active because of the vibrational nature of the CH 3 NH Lorentzian broadening and compared with the calculations of F. Brivio et al. 46 . The difference in results are due to use of different functionals and methods. They have used PBESol and we used LDA, and this difference is expected as we have seen from our analysis at Fig. 1 . Calculated Raman and IR frequencies match well with published theoretical and experimental results 41, 42, 44, 46 . Most experimental results are available only in the low frequency region. We have studied how structural parameters change with applied strain. For applied strain along [100], we noticed that the change in bond length is linear in this range of applied strain. The Pb-Pb distance is smaller than the sum of the Pb-I and I-Pb bond length which indicates that Pb-I-Pb bond angle changed with applied strain: it decreases along a and increases in b and c. Fig4 shows the change in Pb-I bond length and Pb-I-Pb bond angle for uniaxial strain along [100] . There are almost no changes in the C-N bond length which suggest that the uniaxial strain does not create any deformation in the ion. However, it does rotate, with an increasing angle under compressive strain and a decreasing angle under tensile strain, with changes of up to 1.5
III. RESULTS

Calculated normal modes of cubic CH
• over our strain range. Rotation is largest for [001] strain. Full plots of structural parameters with each direction of strain are in Fig. S2 , and all atomic coordinates of relaxed strained structures. We have 12 atoms in our unit cell for cubic CH 3 NH 3 PbI 3 which gives 36 phonon modes, of which 3 have exactly zero frequency according to the ASR. For the other 33 modes we plotted frequency vs. applied strain (both compressive and tensile). Different patterns of frequency vs. applied strain are noticed for different modes. Some of them are linear, some are parabolic, and some are neither. For comparison, c-Si shows linear changes for small strain, and a splitting of degeneracy, as we have seen. Given the much more complicated structure of the perovskite and lack of symmetry, more complex behavior is observed. Only a few low-frequency modes which are nearly degenerate in frequency show the parabolic pattern. The modes which approach or cross under strain are shown in Fig. 7 . Using the eigenvectors as a guide, in a few cases, we found crossing of modes under strain, and therefore relabeled the modes to maintain character. The parabolic behavior is due to gradual strain-induced mixing between the modes, and can be analyzed by nearly degenerate perturbation theory. Other modes with irregular behavior show even more mixing between modes, in a non-perturbative way, which we attribute to strong coupling to structural changes. The other modes where the frequency change is mostly linear can be categorized into three different types. Fig.5 , we provide four representative modes' frequency vs. strain.
To understand this behavior, we plotted eigenvectors (displacement patterns) for each mode; those for the chosen four representative modes are given in Fig. 6 . Corresponding plots for all modes are given in Fig. S3 65 . Fig5(a) shows a kink at zero for the frequency for both [010] and [001] directional strain while for [100] strain it is almost linear. The mode eigenvectors also shows similar trend for [010] (Fig. 6(a) ) and [001] directions, indicating a symmetry along these two directions for this kind of modes. The mode's character is a combination of translation of the CH 3 NH (Fig. 6(c)) ) with small slopes, indicating a lack of mixing, hence like the non-degenerate perturbation theory case which will in general give a linear change. The mode character is libration with spin for CH 3 NH and Pb-I-Pb bending. Fig5(d) shows a frequency change pattern which is neither linear nor parabolic, although the eigenvector change pattern for this mode along all three directions are linear, surprisingly ( Fig. 6(d) ). This is a pure molecular mode with symmetric C-H and N-H bending with C-N stretch, which must somehow be coupling to nonlinear changes in interatomic force constants. From our full phonon analysis, shown in Table S3 , 65 we found that parabolic modes are generally more Ramanactive and less IR-active. Modes that have all positive or all negative slopes along all three directions have an IR intensity vector lying in the plane. Modes which have high slopes in all three directions -among them, high frequency modes (3053. 38 ion. Given that cations rotate at room temperature, we need to check the robustness of our frequencies with respect to cation rotation. Phonon calculations are not very meaningful except from a relaxed structure, and only a few cation orientations are stable. We took our zero-strain structure and rotated the cation to the [111] direction and relaxed, which ended with the cation in the xz plane, with the C-N bond at angle of 113.9
• (compared to 23.3
• for our main data set). From a phonon calculation, we find some frequency changes due to the CH 3 NH + 3 rotation, typically by a few wavenumbers. Full results are shown in Table S3 . 65 After this analysis, we can identify the best modes for IR or Raman microscopy for probing local strain. An appropriate mode should have a large IR or Raman intensity, for ease of detection; a linear frequency change with strain, for simple and unique relation of frequency to strain; a large slope for frequency vs. strain, for sufficient signal-to-noise ratio in measuring frequency shifts; and finally a small change in frequency with respect to cation orientation, ensuring the validity of our results in the presence of cation rotations at elevated temperature 35 . We note 5 suitable modes, whose properties are detailed in Table IV and displacement patterns are shown in Fig. 8 . The frequency changes vs. strain are shown in Fig. 9 and the eigenvectors vs. strain are shown in Fig. 10 , exhibiting little change in mode character. Each of these modes has all slopes positive or all slopes negative. This is convenient because it means that in the case of triaxial strain or when cation rotations wash out directional dependence, when the average of the three uniaxial slopes would be the appropriate slope, the three directions will reinforce each other rather than cancelling out as could happen when the slopes have different signs. The mode Grüneisen parameter is calculated using the slope of the frequency vs strain curve for each mode (Fig.  11) , as done in a-Si 57 . Pb-I vibrations at lower frequency have significant values, whereas CH 3 NH + 3 ion vibrations at higher frequency have much smaller values. One of the reasons for the low values at high frequency is the high frequency itself, as we divide the slope with the mode frequency, although some high-frequency modes do have large absolute slopes. To connect to macroscopic properties, we calculate the Grüneisen parameter, as the weighted average over all the modes using the Bose-Einstein formula for heat capacity. In distinction to F. Brivio et al., we are using uniaxial strain, and we include only modes at q = Γ, because of the conceptual problem in the quasiharmonic approximation of how to handle the imaginary frequencies.
78 They occur around q=R and q=M, and are not reduced by strain (Table S4 65 ). The imaginary frequencies are indicative of the fact that the cubic structure is not the most stable phase at T = 0, and were observed in previous work 46 . Our calculated values of the directional Grüneisen parameter at 330 K for strain along [100], [010], and [001] are 1.06, 2.10, and -0.51, respectively, for an average of 0.88. The isotropic value reported by F. Brivio et al. 46 , averaged over temperature, was 1.6. This result shows a directional dependency of the Grüneisen parameter that suggests negative thermal expansion along [001] direction for cubic MAPI, due to the negative value. Similar results were noticed in the case of tetragonal perovskites for negative thermal expansion coefficient along the c-axis 79, 80 . 
IV. CONCLUSION
We have comprehensively studied the structural and vibrational properties of cubic CH 3 NH 3 PbI 3 under uniaxial strain. We find that not only the Pb-I bond lengths but also the Pb-I-Pb bond angles change under strain, showing a buckling of the Pb-I lattice. The cation remains undistorted but rotates with respect to the lattice. The phonon modes have frequency changes under strain, which can have linear, parabolic, or irregular patterns. Linear is associated with no change in mode character with strain, while parabolic is associated with small changes and irregular patterns with large changes in mode character, as modes mix. These changes give insight into the interplay between structure, strain, and vibrations, and show approximate symmetries for some modes. We have identified 5 modes that are promising for IR or Raman microscopy measurement of local strain, as done in other semiconductors and even amorphous Si which has broad peaks. Results on the mode Grüneisen parameters and macroscopic Grüneisen parameters give insight into anharmonicity and directional negative thermal expansion. Our study of the cubic phase is relevant not only to high temperatures but also to cubic phases stabilized by ligands or other cations, and is expected to be similar in many respects to results for the tetragonal and orthorhombic phases at lower temperature. [010]
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